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I .  INTRODUCTION 
B e r y l l i u m  metal is  used  o n  many s a t e l l i t e s  i n  a v a r i e t y  of 
a p p l i c a t i o n s ,  i n c l u d i n g  c e n t r a l  c y l i n d e r s ,  solar  a r r a y  and  
a n t e n n a  booms, s t r u t s ,  r a d i a t o r s ,  and  v a r i o u s  o t h e r  s u p p o r t  
s t r u c t u r e s  ( R e f e r e n c e  1 ) .  B e r y l l i u m  h a s  a l so  b e e n  used  i n  
a i r c r a f t  a p p l i c a t i o n s ,  missi les ,  g u i d a n c e  components ,  and 
s c a n  mirrors,  and  i t  is  used  o n  t h e  Space S h u t t l e  ( R e f e r e n c e  
2 ) .  T h e s e  t e c h n o l o g i e s  t o  p r o d u c e  b e r y l l i u m ,  a s  w e l l  a s  t o  
mach ine  and j o i n  i t  t o  form f i n a l  a s s e m b l i e s  is  c u r r e n t l y  
a v a i l a b l e  t o  major aerospace companies .  However, c u r r e n t  
a p p l i c a t i o n s  g e n e r a l l y  u t i l i z e  b e r y l l i u m  i n  r e l a t i v e l y  
b e n i g n  e n v i r o n m e n t s  where  long- t e rm s e r v i c e  a t  h i g h  
t e m p e r a t u r e s  is  n o t  r e q u i r e d .  
I n  f a b r i c a t i n g  b e r y l l i u m  s t r u c t u r a l  p a n e l s  for  h i g h  
t e m p e r a t u r e  a p p l i c a t i o n s ,  t w o  ma in  f a c t o r s  t o  b e  c o n s i d e r e d  
are  t h e  u n d e r s t a n d i n g  o f  t h e  f u n d a m e n t a l  b e h a v i o r  of t h e  
mater ia ls  t o  f a b r i c a t e  t h e  p a n e l ,  and t h e  s e l e c t i o n  and  
a p p l i c a t i o n  of appropriate  j o i n i n g  t e c h n i q u e s .  C u r r e n t l y  
p o t e n t i a l  t e c h n i q u e s  for  j o i n i n g  b e r y l l i u m  i n c l u d i n g  
b r a z i n g ,  d i f f u s i o n  bond ing ,  w e l d i n g ,  and epoxy bond ing ,  w i t h  
b r a z i n g  g e n e r a l l y  b e i n g  t h e  method of c h o i c e  for  most 
e l e v a t e d  temperature a p p l i c a t i o n s .  However, e x i s t i n g  t e s t  
i n f o r m a t i o n  of b r a z e d  b e r y l l i u m  j o i n t s  is  l i m i t e d  t o  
t e m p e r a t u r e s  be low a b o u t  600°F.  Because  p r o p o s e d  h y p e r s o n i c  
v e h i c l e s  w i l l  r e q u i r e  v e r y  l i g h t w e i g h t ,  b u i l t  up  s t r u c t u r e s  
w i t h  c a p a b i l i t i e s  w e l l  above  t h i s  temperature,  t h e  p r e s e n t  
i n i t i a l  program was u n d e r t a k e n  t o  r e v i e w ,  se lec t ,  and  
e v a l u a t e  b r a z e  a l l o y  systems w i t h  t h e  p o t e n t i a l  fo r  
f a b r i c a t i n g  b e r y l l i u m  components  w i t h  l o a d  c a r r y i n g  
c a p a b i l i t i e s  up t o  1200°F.  
11. TECHNICAL APPROACH 
A l i t e r a t u r e  s u r v e y  was pe r fo rmed  and background r e c o r d s  
were rev iewed  t o  g u i d e  s e l e c t i o n  o f  c a n d i d a t e  b r a z e  a l l o y s  
w i t h  p o t e n t i a l  load c a r r y i n g  c a p a b i l i t y  i n  b e r y l l i u m  
s t r u c t u r e s  up t o  1200'F. The g e n e r a l  a p p r o a c h  of t h e  t e s t  
, 
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program was t o  u s e  b r a z e d  l a p  shear  s p e c i m e n s  t o  s c r e e n  t h e  
b r a z e  a l loys ,  se lec t  t w o  o f  t h e  most p r o m i s i n g  a l l o y s ,  and 
u s e  them t o  fabr ica te  4 "  s q u a r e  edgewise c o m p r e s s i o n  p a n e l s  
fo r  e v a l u a t i o n .  Lap s h e a r  s p e c i m e n s  and c o m p r e s s i o n  p a n e l s  
were tested a t  room t e m p e r a t u r e ,  300"F ,  600"F ,  900"F,  and 
1200°F.  
BRAZE ALLOY SELECTION 
I n  u t i l i z i n g  i n f o r m a t i o n  g a i n e d  from o u r  l i t e r a t u r e  s u r v e y  
and  E F C ' s  o v e r a l l  c a p a b i l i t i e s  i n  b e r y l l i u m  j o i n i n g ,  w e  
selected B A g - 1 8 ,  BAg-19, P a l c u s i l  1 5 ,  and C u s i l  ABA. The 
r e a s o n s  f o r  t h e s e  c h o i c e s  are a s  f o l l o w s :  
BAg-18:  BAg-18 h a s  b e e n  used  e x t e n s i v e  i n  b e r y l l i u m  
f a b r i c a t i o n .  T h i s  a l l o y  h a s  s u c c e s s f u l l y  b e e n  used  i n  
e l e v a t e d  t e m p e r a t u r e s  up t o  600°F.  However, no  e x i s t i n g  
d a t a  is a v a i l a b l e  for  t e m p e r a t u r e s  up t o  1200°F.  Where 
t h e r e  are i n d i c a t i o n s  t h a t  a t  e l e v a t e d  t e m p e r a t u r e s  B A g - 1 8 ' s  
s t r e n g t h  w i l l  d r o p  o f f ,  t h e r e  i s  no  e x i s t i n g  d a t a  t h a t  w i l l  
correlate  t h i s ,  and therefore,  BAg-18 was o n e  of o u r  
s e l e c t i o n s  i n  o r d e r  t o  o b t a i n  t h i s  d a t a .  
BAg-19: BAg-19 h a s  p r e v i o u s l y  d e m o n s t r a t e d  or i n d i c a t e d  
t h a t  h i g h e r  t e m p e r a t u r e s  s h o u l d  n o t  a f f e c t  BAg-19 a s  much a s  
BAg-18.  BAg-19's c h e m i s t r y  is c o m p r i s e d  of 92% s i l v e r ,  7 .8% 
copper, and . 2 %  l i t h i u m .  The h i g h e r  s i l v e r  c o n t e n t  of 
BAg-19 i n  compar i son  t o  BAg-18 ( 6 0 %  s i l v e r ,  30% copper, and 
10% t i n )  s h o u l d  g e n e r a t e  h i g h e r  s t r e n g t h s  a t  e l e v a t e d  
temperatures. 
P a l c u s i l  15: P a l c u s i l  15 w a s  c h o s e n  for  a number of 
d i f f e r e n t  r e a s o n s .  F i r s t ,  t h e  c h e m i s t r y  of P a l c u s i l  1 5  i s  
65% s i l v e r ,  20% copper, and  15% p a l a d i u m .  I n  o u r  l i t e r a t u r e  
s e a r c h  w e  r e v i e w e d  a p p l i c a t i o n s  where  t h e  a d d i t i o n  of 
p a l a d i u m  t o  some b r a z e  a l l o y s  would i n c r e a s e  t h e  s t r e n g t h  of 
t h e  b r a z e  a l l o y ,  and  allow t h e  a l l o y  t o  f i l l  l a rge  gaps and  
s p a n  la rge  b r a z e  s u r f a c e s .  F o r  l a rge  s t r u c t u r e s ,  t h i s  would 
be a n  a d v a n t a g e .  
C u s i l  ABA: The c h e m i s t r y  of C u s i l  ABA is  63% s i l v e r ,  1.5% 
t i t a n i u m ,  and t h e  r e m a i n d e r  copper. The  a d v a n t a g e  t h a t  
C u s i l  would h a v e  is  t h e  a b i l i t y  t o  u s e  t i t a n i u m  a s  a 
g e t t e r i n g  a g e n t  t o  remove any  r e s i d u a l  o x i d e  from t h e  b r a z e  
f a y i n g  s u r f a c e s ,  and p r o v i d e  h i g h  s t r e n g t h  b r a z e  j o i n t s .  
Please see T a b l e  I compar ing  t h e  chemistries of each of t h e  




I V .  LAP SHEAR SPECIMENS 
Spec imen Des ign :  
EFC c h o s e  a l a p  shear spec imen  d e s i g n  as  shown i n  F i g u r e  1 
m a n u f a c t u r e d  from cross-rolled b e r y l l i u m  s h e e t  ma te r i a l .  
T h i s  spec imen  d e s i g n  was s e l e c t e d  b e c a u s e  i t  was b o t h  
e c o n o m i c a l l y  e a s y  t o  p r o d u c e  and t e s t .  Where i t  may n o t  be 
c o n s i s t e n t  w i t h  most a p p l i c a t i o n s ,  it h a s  p r o v i d e d  v e r y  
c o n s i s t e n t  r esu l t s  d u r i n g  s c r e e n  tests l i k e  these.  
C o n s i s t e n c y  was t h e  k e y  i n  o u r  s e l e c t i o n  o f  a n  e l e v a t e d  
t e m p e r a t u r e  t es t  s c e n a r i o .  W e  wanted t o  g u a r a n t e e  t h a t  
s i m p l i c i t y  and r e p e a t a b i l i t y  was o b s e r v e d .  The  s h e a r  t e s t  
s p e c i m e n s  were p l a c e d  w i t h i n  t h e  f i x t u r e s  shown i n  F i g u r e  2 
for  t e s t i n g .  T h i s  t es t  s e t u p  was p l a c e d  i n s i d e  a box 
f u r n a c e  a r o u n d  a n  I n s t r o n  mach ine .  T h e r e f o r e ,  o u r  g o a l s  o f  
s i m p l i c i t y  and r e p e a t a b i l i t y  were d u e  t o  h a v i n g  l i m i t e d  
access d u r i n g  t h e  t e s t i n g  process. 
B r a z i n g  Procedures: 
P r io r  t o  b r a z i n g ,  e a c h  of t h e  s p e c i m e n s  were p r e p a r e d  by 
p l a c i n g  them i n t o  a s o l u t i o n  of HF-"03 acid and t h e n  
r i n s i n g  them w i t h  D I  water and d r y i n g  them w i t h  d r y  
n i t r o g e n .  A l l  b r a z e  a l l o y s  were a c e t o n e  wiped, a l o n g  w i t h  
t h e  d e t a i l  coupon p r i o r  t o  l a y u p  for  j o i n i n g .  T h e  t i m e  
be tween c l e a n i n g  and  b r a z i n g  w a s  kept t o  a minimum, 
t y p i c a l l y  w i t h i n  o n e  h o u r .  N o  s p e c i f i c  w e t t i n g ,  stop-off or 
f l u x e s  were used  f o r  j o i n i n g .  Dur ing  t h e  b r a z e d  l a y u p ,  t h e  
c o u p o n s  were b r o u g h t  t o g e t h e r  w i t h  a .001  m i l  t h i c k  b r a z e  
a l l o y  f o i l  i n  be tween .  A f t e r  b r a z i n g  i n  a p a r t i a l  vacuum, 
t h e  coupons  were machined  u n d e r c u t t i n g  t h e  f a y i n g  su r face  by 
.007" as  shown i n  F i g u r e  1 .  T h i s  w a s  done  t o  make s u r e  t h a t  
o n l y  s h e a r  s u r f a c e s  would b e  t e s t e d  d u r i n g  e l e v a t e d  
temperature t e s t i n g .  One b r a z e  r u n  p e r  a l l o y  was u t i l i z e d  
for these t r i a l  p u r p o s e s .  P r io r  t o  t h a t  s p e c i f i c  b r a z e  r u n  
w e  had a t r i a l  r u n  t o  v e r i f y  b r a z e  parameters. A l l  a l l o y s  
showed good w e t a b i l i t y  d u r i n g  t h e s e  r u n s  e x c e p t  f o r  t h e  
C u s i l  ABA. A f t e r  s e v e r a l  a t t e m p t s ,  t h i s  specif ic  a l l o y  
c o n t i n u e d  t o  show p o o r  bond ing  s t r e n g t h s .  Under  f i n a l  
m a c h i n i n g  o p e r a t i o n s ,  t h e  C u s i l  ABA coupons  separated.  
Where a l l  coupons  were r e v i e w e d  f o r  m e t a l l u r g i c a l  j o i n i n g  
v i s u a l l y ,  no  s p e c i f i c  NDT t e s t  was used  e x c e p t  f o r  
v e r i f i c a t i o n  d u r i n g  m a c h i n i n g  t h a t  t h e  coupons  d i d  n o t  
s e p a r a t e .  
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S c r e e n i n g  Tests: 
An I n s t r o n  mach ine  was s e t u p  u t i l i z i n g  a box f u r n a c e  and t h e  
t e s t  f i x t u r e  shown i n  F i g u r e  2 .  T h e  f u r n a c e  a r o u n d  t h e  t e s t  
f i x t u r e  is  a box t y p e  f u r n a c e  m o d i f i e d  f o r  t h i s  s p e c i f i c  
a p p l i c a t i o n .  P r io r  t o  t h e  t e s t i n g  of each i n d i v i d u a l  l a p  
s h e a r  coupon,  t h e  f i x t u r e  w a s  a d j u s t e d  t o  a s l i d e  f i t  o n  t h e  
spec imen  t o  b e  t e s t e d ,  and t h e  b o l t s  were s e c u r e d  by f i n g e r  
t i g h t e n i n g .  By f i n g e r  t i g h t e n i n g ,  i t  s h o u l d  p r e v e n t  b i n d i n g  
of t h e  f i x t u r e  d u r i n g  t e s t i n g  from t h e  l a t e r a l  forces 
g e n e r a t e d  by e c c e n t r i c  l o a d i n g .  A f t e r  s n u g g i n g  t h e  coupon 
t o g e t h e r  by f i n g e r  t i g h t e n i n g  o n l y ,  t h e  spec imen  was 
r e c h e c k e d  t o  assure a s l i d e  f i t  was s t i l l  present.  
T h e  r e s u l t s  of t e s t i n g  are shown i n  Table  2 a t tached .  
V .  COMPRESSION PANELS 
P a n e l  D e s i g n  
Each of t h e  c o m p r e s s i o n  p a n e l s  were f a b r i c a t e d  from 
b e r y l l i u m  SR-200E c r o s s - r o l l e d  b e r y l l i u m  s h e e t .  The face 
s h e e t s  were .060" t h i c k n e s s  and t h e  e g g - c r a t e d  core e l e m e n t s  
were .020" t h i c k  e a c h .  Along t h e  e d g e s  where  t e s t  l o a d s  
were a p p l i e d ,  304 s t a i n l e s s  s t ee l  moun t ing  p a d s  were 
a t t a c h e d  m e t a l l u r g i c a l l y  d u r i n g  t h e  b r a z e  p r o c e s s .  The 
g e o m e t r y  o f  t h e  p a r t  c a n  be seen i n  F i g u r e  3. 
P r i o r  t o  b r a z i n g ,  a l l  d e t a i l s  were c l e a n e d  w i t h  a n  HF-"03 
s o l u t i o n ,  t h e n  r i n s e d  w i t h  D I  water and d r i e d  w i t h  d r y  
n i t r o g e n .  T h i s  w a s  done  j u s t  p r i o r  t o  b r a z e  l ayup .  B r a z e  
a l l o y  was c l e a n e d  w i t h  a c e t o n e ,  and t h e  o v e r a l l  a s s e m b l i e s  
were l a y e d  u p  and b r a z e d .  N o  w e t t i n g  a g e n t s ,  f l u x e s  or 
s top-offs  were used .  B r a z e  a l l o y  w a s  used i n  t h e  form of 
.001" t h i c k  f o i l .  Dur ing  t h e  b r a z e  p r o c e s s ,  c l a m p i n g  forces 
were used  from t h e  top  and bottom. A p a r t i a l  vacuum was 
used  d u r i n g  b r a z i n g  and l i g u i d o u s  temperatures were o b s e r v e d  
d u r i n g  t h e  b r a z i n g  p r o c e s s .  A l l  p a n e l s  were b r a z e d  i n  o n e  
s t e p ,  and one  p a n e l  was b r a z e d  a t  a t i m e .  A f t e r  b r a z i n g ,  
t h e  p a r t s  were d i m e n s i o n a l l y  i n s p e c t e d  t o  v e r i f y  confo rmance  
t o  F i g u r e  3 ,  and  a v i s u a l  i n s p e c t i o n  was u t i l i z e d  t o  assure  
m e t a l l u r g i c a l  j o i n i n g .  
-4- 
P a n e l  T e s t i n a :  
Each of t h e  p a n e l s  were tested by p l a c i n g  them i n t o  t h e  
s e t u p  as  shown i n  F i g u r e  4 .  An I n s t r o n  mach ine  was u t i l i z e d  
w i t h  a box f u r n a c e  a r o u n d  t h e  t e s t  zone  where t h e  i n d i v i d u a l  
p a n e l s  would b e  p l a c e d .  The p a n e l s  were p l a c e d  w i t h i n  t h e  
c o n f i n e s  of t h e  c o n f i g u r a t i o n  shown, and t h e n  a load was 
b r o u g h t  t o  b e a r  u n t i l  t h e  l o a d  f e l l  o f f  a s  i n d i c a t e d  by t h e  
I n s t r o n  machine .  When t e s t i n g  a t  t e m p e r a t u r e s ,  i n d i v i d u a l  
p a n e l s  were b r o u g h t  up t o  t e m p e r a t u r e  and  h e l d  a t  t h a t  
t e m p e r a t u r e  u n t i l  s t a b i l i z e d  p r io r  t o  b r i n g i n g  t h e  load t o  
b e a r .  T e s t  r e s u l t s  a re  shown i n  Table 111. 
V I .  RESULTS & D I S C U S S I O N  
T h e  r e s u l t s  o b t a i n e d  from t h e  s c r e e n i n g  and  e d g e w i s e  
c o m p r e s s i o n  p a n e l  t e s t i n g  are shown i n  Graphs I and  I1 
a t t a c h e d .  I n  r e v i e w i n g  t h e  s h e a r  t e s t  d a t a ,  our goal was t o  
c h o o s e  a q u a n t i t y  o f  t w o  b r a z e  a l l o y  systems t o  c o n t i n u e  
e d g e w i s e  c o m p r e s s i o n  p a n e l  t e s t i n g .  O u r  s e l e c t i o n  of t h e  
t w o  a l l o y s  w a s  b a s e d  o n  t h e  f o l l o w i n g  c r i t e r i a :  
1 .  T h e  b r a z e  t e m p e r a t u r e  and how it a f f e c t s  r a w  b e r y l l i u m  
mater ia l  properties.  
2 .  The b r a z e d  j o i n t  s t r e n g t h  a t  e l e v a t e d  t e m p e r a t u r e .  
I n  order f o r  u s  t o  e v a l u a t e  t h e  e f fec ts  of t h e  b r a z e  
t e m p e r a t u r e  on  t h e  r a w  mater ia l ,  t e n s i l e  t es t  coupons  per 
ASTM E-8 were placed i n t o  t h e  i n i t i a l  b r a z e  r u n s  o n  t h e  
s h e a r  t es t  coupons .  T e s t i n g  was t h e n  pe r fo rmed  a t  room 
t e m p e r a t u r e  and t h e  r e s u l t s  are a s  follows: 
% 
ITEM BRAZE ALLOY DEGRADATION 
1 BAg- 18 Neg l ig ib l e  
2 BAg-19 20% 
3 P a l c u s i l  15  37% 
4 C u s i l  ABA 19% 
I n  u s i n g  t h i s  cha r t  i n  Graph I ,  w e  wanted  t o  choose a b r a z e  
a l l o y  w i t h  a b r a z e  t e m p e r a t u r e  h a v i n g  t h e  l ea s t  e f fec t  o n  
t h e  raw mater ia l ;  t h i s  was BAg-18.  W e  a l so  wanted t o  c h o o s e  
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a n  a l l o y  t h a t  p r o v i d e d  t h e  h i g h e s t  j o i n t  s t r e n g t h  a t  1200°F ,  
and t h a t  was BAg-19. Whi l e  P a l c u s i l  15 may have  appl ica-  
t i o n s  for  t h e  p u r p o s e s  o f  t h i s  s t u d y ,  e d g e w i s e  c o m p r e s s i o n  
t e s t i n g  w a s  n o t  performed. 
Edgewise c o m p r e s s i v e  s p e c i m e n s  were c r e a t e d  and tes ted,  and 
t h e  r e s u l t s  a re  shown i n  Graph I1 a t t a c h e d .  A s e t  of 15 
e d g e w i s e  c o m p r e s s i v e  t es t  p a n e l s  were c r e a t e d  for both 
B A g - 1 8  and BAg-19. Edgewise c o m p r e s s i o n  t e s t i n g  was 
p e r f o r m e d  per t h e  t e s t  s e t u p  shown i n  F i g u r e  4 a t  t h e  
appropriate  temperatures. Graph I1 i l l u s t r a t e s  t h e  l o a d  
c a r r y i n g  c a p a b i l i t i e s  o f  each of t h e s e  a l l o y  systems a t  room 
t e m p e r a t u r e  t o  1200°F. The mode of f a i l u r e  o n  t h e s e  p a n e l s  
go from a c a t a s t r o p h i c  mode ( see  F i g u r e  5 )  t o  a b u c k l i n g  
mode a t  e l e v a t e d  temperature (see F i g u r e  6). Both  a l l o y  
s y s t e m s ,  BAg-18 and  BAg-19, e x h i b i t e d  t h e  a b i l i t y  t o  car ry  
loads up  t o  1200°F.  
S i n c e  no  p r e v i o u s  i n f o r m a t i o n  was a v a i l a b l e  for e l e v a t e d  
s t r e n g t h s  of these  b r a z e  a l l o y  s y s t e m s  a t  t h e  t e m p e r a t u r e s  
tes ted,  a compar i son  c a n n o t  b e  made. However, o u r  goal of a 
h i g h  s t r e n g t h  b r a z e  a l l o y  a t  e l e v a t e d  t e m p e r a t u r e  was n o t  
f u l l y  r e a l i z e d  i n  t h i s  program. Whi l e  t h e  g r a p h s  and 
i n f o r m a t i o n  above  d o  show t h a t  some s t r e n g t h  d o e s  e x i s t  a t  
120OoF, i t ' s  n o t  as  s u b s t a n t i a l  a s  w e  would h a v e  l i k e d .  
V I I .  SUMMARY 
J o i n t  s t r e n g t h  for  h i g h  t e m p e r a t u r e  b e r y l l i u m  p a n e l  
a p p l i c a t i o n s  w a s  d e f i n e d  u s i n g  t h e  a l l o y  s y s t e m s  t e s t e d  i n  
t h i s  program. O f  t h e  a l l o y s  r ev iewed  for  t h e  e d g e w i s e  
c o m p r e s s i o n  t e s t i n g ,  t h r e e  e x h i b i t e d  l o a d  c a r r y i n g  s t r e n g t h  
c a p a b i l i t i e s  up t o  1200°F.  The r e s u l t s  a re  p u b l i s h e d  i n  
t h i s  paper. The  d e s i g n e r  u s i n g  v a l u e s  and  c r e a t i n g  b r a z e d  
p a n e l s  mus t  allow for  s u f f i c i e n t  b r a z e  f a y i n g  s u r f a c e s  t o  
c a r r y  t h e  l o a d s  o f  h i s  maximum o p e r a t i n g  t e m p e r a t u r e s .  
- 6 -  
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p s i  
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R . T .  
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c
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BAg-  1 8 20,431 
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27,656 26,318 29,314 9,727 969 
23,712 5,439 
21,164 
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Prior t o  
Shear 
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12,222 7,670 6,042 10,024 7,022 
13,932 -- -- -- -- 
12,146 7,593 -- 3,673 5,265 
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FIGURE 1 
Lap Shear Test Specimen 
D E T A I L  A 
FIGURE 2 
Method of S h e a r  T e s t i n g  
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F I G U R E  4 
EDGEWISE COMPRESSION P A N E L  T E S T  S E T U P  
TOP RAM APPLY 
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FIGURE 5: Catastrophic Failure of Compression 
Panels at Low Temperatures 
FIGURE 6: Buckling Failure of Compression 
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